The classical view of mammalian mating competition focuses on combat and threat. By contrast, ¢eld studies have revealed that male mating success in some species is more strongly determined by mate location ability than by physical dominance. In thirteen-lined ground squirrels, competition in locating oestrous females is exacerbated by sperm competition that favours the ¢rst male to mate with a female. We used a female-removal experiment to identify the distinguishing characteristics of males that were the ¢rst at ¢nding and mating with females. Each focal female was observed the day before she entered oestrus; the identities of males that made contact with her and the locations of their interactions were recorded. The following morning the females were temporarily removed, and we monitored male search behaviour in their absence. Males that arrived ¢rst were those that had spent more time with the female the previous day relative to their rivals. Time invested the day before, in turn, was highly correlated with male search persistence and familiarity with the female's likely whereabouts. These results demonstrate that di¡erential fertilization success can arise from information asymmetries among males: the advantaged individuals are those that have greater a priori knowledge of the reproductive state and spatial locations of prospective mates than rivals.
INTRODUCTION
With the realization that females of many species matemultiply, studies of sexual selection have increasingly focused on evaluating the characteristics of males that achieve a fertilization advantage under sperm competition. Such studies have had two general aims. First, they can often narrow the spectrum of hypothesized advantages for female multiple mating (e.g. Kempenaers et al. 1992; Stockley et al. 1993; Wetton et al. 1995) . Second, they permit much more precise identi¢cation of the traits that are favoured by sexual selection within a given species; examples include traits that represent adaptations to sperm competition per se (Stockley 1997) , and traits used in mate attraction and/or pre-copulatory mating competition that are reliably associated with success in the ensuing sperm competition (e.g. Hasselquist et al. 1996; Zeh et al. 1997) .
Based on the traditional perspective (Darwin 1871) , sexual selection operating on male mammals is generally predicted to favour those individuals that excel at physically dominating their rivals. In some species, however, male mate searching ability may be at least as crucial to male mating success as physical prowess (Schwagmeyer & Woontner 1986; Kappeler 1997) . Furthermore, because female multiple mating is prevalent among mammals (e.g. Hogg 1988; Boellstor¡ et al. 1994; Murie 1995; Schenk & Kovacs 1995; Michener & McLean 1996) , the resulting sperm competition complicates evaluation of the phenotypic traits which are actually favoured. This is true especially when male fertilization success is correlated with mating order; the outcome of sperm competition in such cases could, theoretically, either reinforce or mitigate the e¡ects of pre-copulatory competition .
Male fertilization success in several sciurid species has now been shown to correlate with mating order (Spermophilus beldingi, Hanken & Sherman 1981; Sherman 1989; S. tridecemlineatus, Foltz & Schwagmeyer 1989; S. parryii, Lacey et al. 1997) . To date, however, the phenotypic attributes of males that are advantaged by their mating order, versus those that are disadvantaged, have received little attention. Under ¢eld conditions (Schwagmeyer & Woontner 1985) , female thirteen-lined ground squirrels (S. tridecemlineatus) routinely mate with multiple partners, and the ¢rst male to mate sires an average of 75% of the litter (Foltz & Schwagmeyer 1989) . Male mating order typically corresponds with the order in which males ¢nd a female on the day she is in oestrus (Schwagmeyer & Parker 1987) .
Relative to some of the more social ground-dwelling sciurids, thirteen-lined ground squirrels live at low population densities, and females tend to be spatially scattered rather than clustered in discrete groups (Dobson 1984; Vestal & McCarley 1984) . Females also breed relatively synchronously, and the relationship between male arrival order and mating order often arises merely because one male ¢nds the oestrous female in the morning, mates and leaves, and a second male does not arrive until later in the day. However, this relationship also holds when two males pursue the same female simultaneously: whichever is ¢rst to arrive has priority in mating, and although the later-arriving male actively pursues the female and attempts to copulate, he is usually unable to do so until the earlier male has ¢nished mating and departed (the`queuing' convention: Schwagmeyer & Parker 1987) . The mating priority of early-arriving males is only weakly associated with asymmetries in male body size. Early-arriving males do tend to be heavier than their later-arriving competitors, but reversals in the size disparity are not accompanied by reversals in mating priority. In contrast, mating priority is strongly associated with a superior ability to ¢nd a female as she moves around her home range: early-arriving males relocate oestrous females signi¢cantly sooner than later-arriving competitors (Schwagmeyer & Parker 1987) . This superiority does not seem to re£ect some general pro¢ciency in mate location: those individuals that are the ¢rst to arrive and mate with one female are often second or third to mate with other females (Schwagmeyer & Parker 1994) , even when competing against several of the same rivals. However, the advantage of early-arriving males in locating a female could conceivably be based simply on the fact that by virtue of their early arrival they have a more immediate familiarity with the oestrous female than newly-arriving males. Alternatively, it could stem from variation among males in their experiences with a female on days prior to oestrus.
We used a female-removal experiment to examine whether the greater pro¢ciency of early-arriving males in locating oestrous females within their home ranges could be accounted for by prior experience with those females. Speci¢cally, we monitored male visits to females on the day before each female entered oestrus, and then temporarily removed females on the day of oestrus; female removal allowed us to evaluate how persistently males searched for each female, and how familiar they were with a female's likely whereabouts in the absence of immediate cues about her oestrus status and location. Given that early-arriving males typically secure a fertilization advantage, we also used data on male interactions with each female the day before oestrus to examine whether the extent of prior contact with the female can explain why some males arrive early, and others late.
MATERIAL AND METHODS
Experimental removals were conducted across ¢ve mating seasons during 1990^1993 at two Oklahoma study sites; additional details are given in Schwagmeyer (1994 Schwagmeyer ( , 1995 . Mating seasons in the present study lasted 5^17 d, with between zero and three females in oestrus each day. Females that were simultaneously in oestrus occupied home ranges that were separated by less than 50 m to greater than 1km apart. We marked individuals of both sexes distinctively, using hair dye, and females were regularly trapped and inspected for signs of pending oestrus. (Pronounced labial swelling characteristically occurs 24^72 h before oestrus.) However, our ability to predict oestrous status is imperfect, and we relied on the observation of copulation as the de¢nitive cue to female reproductive state. For each trial we observed a female for the full day preceding oestrus (day 1), to monitor interactions with males and determine her baseline space-use patterns. Male visits were timed in terms of the duration spent within 3 m of the female. The next morning, on the day she was in oestrus (day 2), we used surveyors' £ags to mark sites she had used particularly often, sites where she had interacted with males, her sleeping burrow, and the outermost boundaries of her range (mean area 1800 m 2 : Schwagmeyer 1994) . After the female's ¢rst appearance aboveground, we removed her for 2 h, precluding her from broadcasting any fresh cues regarding her oestrous status, and monitored males' searches during her absence. We scored males on their latency to arrive on the female's range, the duration they remained there, and their visits to the £agged sites. We compared these measures to the frequency and duration of each male's interactions with the female the preceding day, and to male success in mating with the female once she was released at her capture site.
Copulation usually occurs aboveground in this species, with pairs copulating an average of 3.8 times before the male departs (Schwagmeyer & Parker 1994) . For unknown reasons, prooestrous females at one of our study sites (but not the other) sometimes permitted males to cohabit their burrow systems during the night, and three of our focal females did so the night before oestrus. Since our interest was in determining whether day 1 interactions with the female were su¤cient to account for male arrival order and variation in male search behaviour, data from cohabiting males and/or from trials in which cohabitation had occurred were omitted in some of the analyses below.
Data were analysed via t-tests, non-parametric correlations and logistic regressions.
RESULTS
(a) Day 1 events as predictors of male performance during female removal
The 12 focal females were visited by between zero and six males on day 1, and female activity ranges were entered by 1^8 males the next morning during the removal phase (table 1) . These males varied in the degree of day 1 contact with the females. Contact varied from 0 min (no visits) to a high of 131min in the total time spent within 3 m of a focal female. Previous analyses have shown that males that had interacted with a focal female on day 1 apparently rely on spatial memory during their day 2 searches, preferentially returning to interaction sites (Schwagmeyer 1994) . Accordingly, males that had no day 1 contact with the female gained particularly poor scores during the removal phase: they only spent approximately half as long (mean AE s.d. 32.2 AE32.8 min) in her area as males that had interacted with her at least once (61.8 AE 41.6 min, t 2.16, 36 d.f., p 0.037); and they visited an average of 25.7 AE21.4% of the £agged sites versus 45.5 AE20.7% for males with at least some day 1 contact (t 2.71, 36 d.f., p 0.010). The number of day 1 interactions was strongly correlated with the length of time a male searched for the removed female (r s 0.58, n 38, p 0.0001), the number of times he travelled to £agged sites within a female's range (r s 0.60, n 38, p 0.0001), and with the proportion of £agged sites he visited (r s 0.62, n 38, p 0.0001).
Not surprisingly, the number of day 1 visits by a male was closely related to his total time spent within 3 m of the female on day 1 (r s 0.94, n 38, p 0.0001). Thus, sheer time investment on the day before a female entered oestrus was also a good predictor of the length of time a male remained in the absent female's range (r s 0.59, n 38, p 0.0001), his number of visits to £agged sites (r s 0.58, n 38, p 0.0001), and the proportion of £agged sites attended (r s 0.54, n 38, p 0.0004). Both variables (total time spent and number of visits) were negatively associated with how promptly a male arrived on the female's range after her removal (both r s 70.38, n 38, p 0.019).
(b) Day 1 events as predictors of arrival order
The previous analyses are based on absolute measures of male time investment and latency in arrival; the more critical issue is whether an individual arrives earlier than any other male also competing for a particular female. Accordingly, we scaled each male's day 1 time relative to the set of competitors he faced by dividing it by the mean day 1 time investment of all males that entered the particular female's home range on the day she was in oestrus. From logistic regression, the probability that a male was the very ¢rst to arrive on an oestrus female's home range was signi¢cantly related to his relative day 1 time investment (score 1 2 1 4.386, p 0.036, n 49 males competing for 12 oestrous females). A slightly better ¢t was obtained if data from the three females that had co-occupied a burrow with a male on the night before entering oestrus (and whose partners thus became the ¢rst to arrive, de facto) were omitted (1 2 1 7.951, p 0.0048), and the relationship was also robust to omission of data from one female that apparently was not discovered by any male prior to the day she entered oestrus (1 2 1 =8.315, p 0.0039). The percentage of males correctly classi¢ed as ¢rst to arrive, versus later to arrive, which was based on a predicted probability cut-o¡ corresponding to twice the average day 1 time investment, ranged from 71.4^77.8% for the three models.
The mean day 1 time investment by ¢rst-to-arrive males was notably modest, averaging only 21.8 AE38.4 min within a 3 m distance of their prospective mates (spread over 4.3 AE 6.3 separate visits). Day 1 time investment by ¢rst-to-arrive males was negatively correlated with the average number of females in oestrus per day (¢gure 1). Similarly, the number of day 1 visits to the female by ¢rst-to-arrive males was negatively correlated with the mean number of females in oestrus per day (r s 70.778, n 11, p 0.005). Interestingly, males that were not the ¢rst to arrive on day 2, but had visited a focal female at least once on day 1, failed to show this pattern: their time investment on day 1, if anything, was positively (albeit not signi¢cantly) correlated with this index of mate availability (r s 0.18, n 24, p 0.411).
Male thirteen-lined ground squirrels continue to expand their search ranges as a mating season progresses (Schwagmeyer 1988) ; individuals that consistently frequent one portion of a study area at the outset of a mating season may subsequently focus their activity in di¡erent portions as the season continues. Nevertheless, the order in which males arrive at a particular female's range could be a simple function of a factor such as spatial proximity to the female. We found, however, little evidence of consistency in male arrival order across days 1 and 2. In particular, males that were ¢rst to arrive on the day of oestrus (or had cohabited a burrow with the female the night before) were not necessarily those that had been ¢rst to visit the female's area or interact with her the previous day: out of the nine focal females that had interacted with at least two males on day 1, in only two cases were the ¢rst-to-arrive males on the day of a Female permitted a male to cohabit her sleeping burrow the night before she entered oestrus. b Female had never been observed interacting with any male prior to the day she entered oestrus. We eliminated data from the one focal female that apparently had not been discovered by any males prior to the day she entered oestrus.
oestrus also the ¢rst visitors the previous day; this proportion (0.22) is approximately equivalent to the proportion of males that were ¢rst to arrive on day 2, but had not been ¢rst the previous day (7 out of 35, 0.20).
(c) Arrival order and mating order
For 8 of the 12 focal females, we ascertained which male was the ¢rst to mate with each of them after they were released post-removal (excluding the three that had cooccupied a burrow with a male the night before, plus one other whose mating activity was not observed closely). Absence of the oestrous females doubtlessly in£ated the number of males simultaneously present within the females' ranges; typically, at least one male would have completed mating during a 2 h interval, and left. An arti¢-cially high density of males could easily disrupt the mating priority of ¢rst-to-arrive males; violations of the`queuing' convention tend to occur when three or more males simultaneously compete for a female, and the ¢rst-to-arrive male loses his superiority in relocating the female (Schwagmeyer & Parker 1987) . Nevertheless, arrival order and mating order were still strongly associated, as noted in previous studies (Schwagmeyer & Parker 1987) : seven out of the eight individuals that were ¢rst to copulate had been the ¢rst to arrive that morning.
DISCUSSION
These results indicate that, generally, the males that searched most persistently for a removed oestrous female and that demonstrated the greatest familiarity with her probable whereabouts, were those that had spent most time with her the previous day. Furthermore, greater time investment the day before oestrus is associated with earlier arrival the next day, which typically translates into higher fertilization prospects (Schwagmeyer & Parker 1987; Foltz & Schwagmeyer 1989) . Collectively, these results show that our previously observed correspondence between male arrival order and mating order is founded on information asymmetries. From a Bayesian perspective (e.g. Luttbeg 1996) , repeat visits to a female may enhance a male's certainty of the female's pending reproductive state, as well as his information about her space-use patterns. A male that is ¢rst to arrive thus gains his fertilization advantage when competing against a laterarriving male because his knowledge of the female's probable whereabouts, and presumably her probability of being sexually receptive, is superior.
Males of this species appear capable of discriminating between females that will be in oestrus the next day compared with those that will not: they search more persistently and more thoroughly for removed oestrous females than for removed non-oestrous females (Schwagmeyer 1995) . Given this ability to anticipate the onset of oestrus, and the relationship between early arrival and relative time investment, a male should be able to improve his fertilization prospects simply by devoting more time to a female the day before she is in oestrus, thereby`outbidding' any competing male, or males, also aware of her existence and status. The time investment in these visits carries opportunity costs, however, and we would expect such costs to become magni¢ed when relatively more alternative mating partners are available each day. We found that ¢rst-to-arrive males apparently alter their day 1 time investment in response to seasonal variation in mate availability: the greater the average number of females in oestrus each day, the less attention is paid to tomorrow's mate, or mates. The fact that later-arriving males show no evidence of this pattern, instead maintaining a more constant level of day 1 investment across seasons, is intriguing: it suggests the existence of individual variation, among males, in optimal time investment for a particular female. This is also consistent with our previous ¢nding (Schwagmeyer & Parker 1994 ) that males seem to occupy, randomly, the`roles' of`¢rst-to-mate' or`not-¢rst-to-mate' (i.e. an individual male observed mating with multiple females is likely to be the ¢rst to mate with some, but not all, of his mating partners).
Presumably, the optimum time investment for each male will be in£uenced by the investment of other males in that particular female, as well as by each individual's opportunity cost from increased investment. A male's estimate of the latter could be a¡ected by multiple factors, including (i) the reproductive states of other females in the set already located by him, (ii) the time costs associated with visiting each of them, and (iii) his prospects for ¢nding previously undiscovered females if he explores new areas. We addressed indirectly one possible source of variation among males in the opportunity costs of day 1 investment. Bearing in mind that being the ¢rst-to-arrive male may entail only a couple of extra visits to the female, we thought that perhaps the male residing in closest spatial proximity to the female would be the most likely to assume that role. If that were the case, however, we might expect more day-to-day uniformity in which male is the ¢rst to visit a female than apparently occurs. Nevertheless, the opportunity cost possibility deserves further investigation using more detailed information about the set of females visited by each male, the females' proximity to oestrus, and the time costs associated with travelling among them. Daily shifts in the spatial foci of male searches, including changes in where males spend the night (and, in populations where females permit overnight cohabitation, with whom), would be interesting to examine in terms of their in£uence on male opportunity costs.
An alternative explanation for the variation among males in day 1 investment is that it co-varies with the amount or type of information each acquires on the ¢rst visit of that day. If this species is similar to some other rodents, proximity to oestrous may be detected by males from changes in the nature of chemical cues emitted by a female or changes in her rate of producing or broadcasting such cues (Johnston 1980 (Johnston , 1990 Huck et al. 1986) . Perhaps males that made more repeat visits are those that received the best information about the female's pending reproductive state, either because she selectively broadcast it to them, or because their access to, or perception of, the relevant cues was enhanced for another reason. In general, however, females of this species do not seem particularly selective about their mating partners (Schwagmeyer & Woontner 1986) , which is not especially surprising given that some females have di¤culty in simply being found by more than one male.
In a sense then, we have merely replaced one of our questions of why some males arrive early and others late, with another: why do some males spend more time than others learning where a given female is likely to be and how soon she will be receptive ? On the other hand, we were more successful in resolving the question of what distinguishes males that are disproportionately successful in siring that female's o¡spring. The answer departs radically from the traditional depiction of mammalian contests won by virtue of large body size and weaponry (Darwin 1871) : mating competition among males of this species appears to be resolved on the basis of information asymmetries, and fertilization advantages accrue to those that are most knowledgeable.
